A novel method for the direct growth of a single carbon nanofiber (CNF) onto the tip of a commercially available scanning probe microscope (SPM) using Ar þ -ion irradiation was demonstrated. This method was proposed on the basis of the experimental fact that the Ar þ ion bombardment of carbon coated substrates induced the formation of conical protrusions that possessed a single CNF at their tip. Commercially available Si SPM tips were coated with carbon and then were Ar þ -ion bombarded at room temperature and at 200 C. On the ion-bombarded SPM tips, single CNFs of about 30 nm in diameter grew. Their length, which was controlled by varying the sputtering duration, was typically 0.5 -1.5 mm. Using the CNF-tipped probes thus prepared, clear atomic force microscope (AFM) images with a high spatial resolution were attained for Si-grating samples. No deterioration in the spatial resolution was detected after repeated scans for 90 min. Thus, the ion-irradiation method was concluded to be quite promising for the fabrication of practical CNF-tipped SPM probes.
Introduction
Since the development of the scanning tunneling microscope (STM) by Binnig et al. 1) in 1981, many variations of probe-based microscopies, i.e., scanning probe microscopies (SPMs), have been proposed and widely used in the fields of semiconductor engineering, surface science, biology and so on. To attain the higher spatial resolutions, the development of sharper or finer probes is indispensable. Due to their high aspect ratios, nanoscale tip radii of curvature, high chemical stability and high mechanical strength, carbon nanotubes (CNTs) 2) and carbon nanofibers (CNFs) seem to be an ideal probe for SPMs. Much effort has been made to fabricate CNT-or CNF-based SPM probes. A typical approach to achieve this is the manual attachment of a CNT to the tip region of an SPM probe. [3] [4] [5] [6] This method is, unfortunately, time-consuming because it must be done oneby-one. Alternatively, the direct growth of a CNT or a CNF onto an SPM tip by chemical vapor deposition (CVD) or electron-beam deposition (EBD) has also been tried. [7] [8] [9] [10] [11] CVD methods, however, are ineffective for the selective growth of a single CNT onto SPM probe tip and have difficulties with growth direction and length control, whereas EBD is not a good technique for large-scale fabrication due to the one-by-one process that is required. Thus, the fabrication of CNT-or CNF-tipped probes is still challenging.
In the previous paper, we demonstrated that Ar þ ion bombardment on carbon surfaces induced the growth of conical protrusions, and that CNFs grew on the tops even at room temperature. 12, 13) Since sputter-induced CNFs grow only on the top of cones, they may grow also on commercially available SPM tips. In addition, the batch fabrication of CNF-tipped SPM probes will be possible using a large-scale ion gun. In the present work, we tackled the low-temperature growth of single CNFs grown directly onto commercially available SPM tips using an ion-sputtering method.
Experimental
Various kinds of SPM chips, metals, semiconductors, and insulators, are commercially available nowadays. In order to achieve CNF growth onto any kind of SPM tip, a technique to grow CNFs sparsely onto any flat substrate irrespective of the substrate material should first be established. For this purpose, Si, which is a typical SPM tip material, Ni mesh (200 mesh), and plastic films [polyimide and poly(ethylene terephthalate) (PET), 125 mm in thickness each] were prepared as substrates. In addition, commercial-type SPM tips, OMCL-AC160BN and OMCL-AC160TN tips (Olympus), were employed for the fabrication of CNF-tipped SPM probes.
Since ion-induced CNF growth occurs only on the carbon surface, a thin carbon film was deposited onto respective samples prior to mounting them in the CNF growth chamber (nanofabrication system) consisting of a differentially pumped microbeam ion gun (JEOL, MIED) and a sample heating stage. [12] [13] [14] They were then ion-bombarded with Ar þ under optimal conditions 12, 13) to grow CNFs at room temperature and at 200 C. The chamber was pumped down to a pressure of $10 À7 Pa, and the pressure remained at 10 À6 Pa during the experiments. After sputtering, the topography of the sample surfaces and the crystalline structure of CNFs thus grown were carefully observed by scanning (SEM) and transmission electron microscopy (TEM), respectively. In TEM, the CNFgrown Ni mesh was mounted directly onto a TEM sample stage without any post-treatment.
Results and Discussion
The as-evacuated surface of the carbon-coated Si was quite smooth and no projection was observed by SEM. Figure 1 (a) shows a low-magnification SEM image of the surface after sputtering, disclosing that conical protrusions (arrows A and B) grew very sparsely. From the SEM image, the numerical density of projections was estimated to be <10 3 /mm 2 . Figure 1 (b) shows the enlarged SEM image of the conical protrusion indicated by arrow A in Fig. 1(a) . The cone was surrounded by a ripple structure, and a single CNF grew on the cone top. The CNF thus grown was over 5 mm in length. Very interestingly, the bottom part of the CNF (arrow C) near the conical base had a linear shape and was oriented in the ion beam direction, while the top region of the CNF (arrow D) was curved or wavy. It should be noted that the CNT was almost uniform in diameter in its growth direction in spite of the difference in shape of the CNF. The conical protrusion indicated by arrow B in Fig. 1 (a) also possessed a single CNF pointing in the ion beam direction on the cone top. The CNF was linear in shape and had almost identical dimensions to that grown on the cone indicated by arrow A. It should be noted that no more than one CNF grew on each conical tip and that CNFs grew on any carbon-coated solid substrate. In fact, ion-induced CNFs also grew on plastic films such as polyimide and PET films. CNF growth on non-heat-tolerant PET films has never been reported before and is evidence that ion-induced CNF growth is definitely a low-temperature process.
For the structural observation of CNFs by TEM, a Ni mesh (200 mesh) covered with thin carbon film was ionbombarded. On Ni as well as on Si and plastics, sputterinduced cones were formed and CNFs grew on their tips. Figure 2 (a) shows a TEM image of a typical CNF-tipped cone thus grown. As shown in Fig. 2(b) , no boundary between the CNF and the conical top was recognizable. Figure 2(c) shows the top region of the CNF; no hollow structure was recognized in the CNF, identifying it as different from CNTs. The CNF was almost uniform in diameter ($20 nm) along the growth direction and had a round tip with a radial curvature of $10 nm. C were low in graphitization quality. 15) Thus, the amorphous structure may be a feature common to carbon nanomaterials grown at very low temperatures. As will be discussed later, no diffraction spot originating from non-carbon materials was detected in the ED.
The formation of ion-induced CNFs may be explicable in terms of erosion and/or growth processes during sputtering. In a case where CNFs are formed by the erosion process alone, so-called ''seed'' materials, which differ from the surface-constituent materials (in the present case, carbon), are necessary for the CNF formation. These are known as ''left-standing'' protrusions: 16) The seed materials act as a protection against sputtering during the continuous erosion of the surrounding surface, thus yielding the protrusions tipped with the seed materials [ Fig. 3(a) ]. Needless to say, the protrusions thus formed must be linear in shape and possess no conical base. The topographical and structural features observed above for ion-induced CNFs by SEM and TEM (wavy CNF shape, no seed material on the CNF top and possessing CNF-tipped cone structure) disagree with those of projections formed by the erosion process alone. This clearly suggests that the diffusion process plays a dominant role in the formation of CNFs.
Based on the SEM and TEM observations, we propose the following growth mechanism of ion-induced CNFs [ Fig. 3(b) ]: (i) Formation of conical protrusions triggered by surface defects such as grain boundaries and small amounts of impurities, (ii) deposition of carbon atoms sputter-ejected from the surface onto the sidewall of the conical protrusions, and (iii) surface diffusion of the deposited carbon atoms toward the tips during sputtering. Since the diffusion is the thermal process, sputtering at elevated temperatures must enhance the diffusion of deposited carbon atoms, thus yielding the longer CNF on the tip of the conical protrusions. As was expected, sputtering of carbon-coated Si at 200 C produced the longer CNFs, Fig. 1(a) .
although the CNF diameter was almost independent of the sputtering temperature. Thus, it is clear that the surface diffusion plays the decisive role in the ion-induced CNF growth. In their studies concerning the whisker growth on bulk graphite surfaces induced by Ar þ ion irradiation, Van Vechten et al. demonstrated that carbon atoms readily migrated as far as $20 mm on the surface during sputtering.
17) It is very surprising that such a surface diffusion of carbon atoms took place at room temperature even on amorphous carbon surfaces. In addition to the thermal diffusion, the ion-bombardment-enhanced diffusion, which is widely known to occur during sputtering, 18) is likely responsible for the CNF growth. It is still unclear at the moment, unfortunately, why the carbon atoms diffuse towards the cone tips. It may be due to either the slight temperature gradient between the cone tips and their bases or to a local electric field at the cone tips induced by incoming Ar þ ions. The ion-induced CNFs grow only on the conical tip. In other words, once cones are formed, the carbon atoms deposited onto the cone stem diffuse to the cone tip, thus resulting in CNF growth at the cone tip. Since the SPM chip originally possesses a sharp conical or pyramidal tip, Ar þ -ion induced CNF growth on the SPM tip may be possible. In order to confirm this, Ar þ ion irradiation of carbon-coated Si SPM chips was carried out. For the enhancement of the surface diffusion of carbon atoms, sputtering was performed at 200 C. Figure 4 (a) shows a low-magnification SEM image of a Si SPM chip consisting of a lever (160 mm in length and 5 mm in thickness) and a so-called blade-type tip (10 mm in height). As can be seen in an enlarged SEM image of the tip region [ Fig. 4(b) ], the original probe tip is very sharp, with an apex angle of $18
. Figure 4(c) shows an SEM image of the tip region after sputtering. As was expected, a single CNF grew on the originally sharp tip whose apex angle was kept at $18
. The CNF thus grown was $30 nm in diameter and 1.5 mm in length. The length was controlled between 0.5 and 1.5 mm by varying sputtering duration. The single CNF growth was also confirmed on a trigonal non-blade-type Si tip. As described above, ion-induced CNFs grown on cone tips (cf. Fig. 1) were oriented in the ion-beam direction. This was also the case for CNFs grown on SPM tips. CNFs on SPM tips were pointed almost exactly in the ion-beam direction, and thus their growth direction was controllable by changing the ion incidence angle. Figure 5 shows an AFM section analysis of standard Si grating (TGX01, NT-MDT) attained using the CNF-tipped probe (CNF grown on the trigonal-type Si tip at room temperature). The sharp edges of the respective pillars and deep trenches are clearly recognized in the AFM section analysis, suggesting that the ion-induced CNF is promising as a practical SPM probe. It should be noted that the sectional analysis discloses symmetrical and sharp trench angles (84 -87 ) at both sides of the trench walls. From the viewpoint of practical application, SPM probes must possess sufficient lifetime. The ion-induced CNFs also fulfilled this requisite; even after repeated scans for 90 min, no degradation in resolution was detected. Thus, it is believed that the ion-induced CNF is quite promising as a practical SPM tip. The basic process of the fabrication of this CNF-tipped probe is quite simple, requiring only a carbon supply and ion irradiation. Thus, batch fabrication will be readily achievable using a large-scale ion beam system. In fact, we have already attained successful preliminary results for this multitip fabrication using a medium-scale ion beam system. The yield of ion-induced CNF growth onto SPM tips is about 50% at the moment. To achieve a higher yield, further optimization of the fabrication process is necessary. This is now being undertaken. The detailed results of the batch fabrication will be dealt with in a forthcoming paper.
Conclusions
We have developed a novel method for the direct growth of a single CNF onto a commercially available SPM tip using Ar þ -ion irradiation. The basic mechanism of ioninduced CNF growth is believed to be the formation of conical protrusions on the carbon coated substrates, the deposition of sputter-ejected carbon atoms onto the sidewall of conical protrusions, and the enhanced surface diffusion of the carbon atoms to the tips during Ar þ sputtering. Ioninduced CNFs grew on any kind of substrate, including plastic substrates. Taking advantage of the feature that ioninduced CNFs grow only on the protruding tips, carboncoated Si SPM tips were Ar þ -ion bombarded at room temperature and at 200 C to grow single CNFs on the tips. As was expected, single CNFs, $30 nm in diameter and 0.5 -1.5 mm in length, grew on the ion-bombarded SPM tips. Using the CNF-tipped probes thus prepared, clear AFM images with a high spatial resolution were repeatedly attained for Si-grating samples without any deterioration in spatial resolution. Thus, it is concluded that the ionirradiation method is quite promising for the fabrication of practical CNF-tipped SPM probes. 
